The changes in the circulation of patients with heart disease and with emphysema have been studied many times when the patient was at bed rest. There is little information as to the changes produced when the circulatory requirements exceed the resting level. This information is probably of more importance than resting measurements as the greater part of existence is one of activity. Chronic emphysema produces changes in the heart in many patients. Congestive failure leads to water logging of the lungs. It was felt that simultaneous measurements of the cardiac output and pulmonary arterial pressure in normal persons and in those with emphysema and heart failure would aid in the understanding of the alterations of cardiac and pulmonary functions occurring in these diseases. The purpose of this paper is to present these data and to discuss their significance.
The changes in the circulation of patients with heart disease and with emphysema have been studied many times when the patient was at bed rest. There is little information as to the changes produced when the circulatory requirements exceed the resting level. This information is probably of more importance than resting measurements as the greater part of existence is one of activity. Chronic emphysema produces changes in the heart in many patients. Congestive failure leads to water logging of the lungs. It was felt that simultaneous measurements of the cardiac output and pulmonary arterial pressure in normal persons and in those with emphysema and heart failure would aid in the understanding of the alterations of cardiac and pulmonary functions occurring in these diseases. The purpose of this paper is to present these data and to discuss their significance.
METHODS
Intracardiac catheterization was performed in the usual manner (1) . The catheter was passed for a distance of 1 to 2 inches into the right or left main branch of the pulmonary artery. Pulmonary arterial pressures were recorded by a Hamilton manometer and mean pressures determined by planimetric integration, covering a period of at least 2 respiratory cycles. Atrial pressures were determined either in the same fashion, using a sufficiently sensitive Hamilton manometer, or by the use of a saline manometer. Systemic arterial pressures were measured in most cases from the brachial artery, using a Hamilton manometer. The point of zero reference was 5 cm. beneath the fourth left costochondral junction. Mixed venous blood samples were taken from the pulmonary artery in nearly all cases; otherwise, they were from the ventricle or atrium. Arterial samples were taken through an in-lying needle, usually in the brachial artery but occasionally in the radial or femoral arteries. Blood was col-*1 This work was supported by a grant from the Life Insurance Medical Research Fund. 2 Holder of American College of Physicians Clinical Fellowship, 1946 Fellowship, -1947 lected under oil, stored in ice, and analyzed for oxygen as rapidly as possible, using the manometric method of Van Slyke and Neill. Analyses were performed in duplicate and required to check within 0.1 vol. per cent. For the determination of oxygen consumption, 2-or 3-minute samples of expired air were collected in Douglas bags, analyzed in a Haldane apparatus, and measured in a Tissot spirometer. Exercise was carried out in the supine position by causing the patients to push with their feet against weighted pedals. The stroke distance was 12 inches. Both pedals were usually pushed together, and the total resistance could be fixed at 11, 30, or 42 lbs. The actual work rate in foot pounds per minute is of value only in indicating the general order of magnitude of the work done. The patients were not trained in this type of exercise and consequently showed obvious differences in economy of effort. The work rate was adjusted to the ability of the patient but was kept as steady as possible. Determination of the cardiac output was not begun until after at least 3 minutes of steady exercise. For the control measurements preceding exercise, no attempt was made to bring the subjects to a truly basal condition. They were, however, usually in the postabsorptive state or at most had had only a very light breakfast and had been at rest for at least 30 minutes before observations were begun. All measurements were made at 1 sitting, except in Case 24, where several days elapsed between determinations at rest and those during exercise.
RESULTS
The pertinent data on 28 subjects are presented in Table I The increased oxygen intake during exercise was achieved in part by a rise in the cardiac output and in part by an increase in the A-V difference. In 5 subjects, the rise in cardiac output was the more important factor. In the 2 anxious persons, whose A-V differences at rest were abnormally low, and in Case 8, the patient convalescent from pneu- Table  I . Rectangle indicates range of values in normal basal subjects studied by Stead et al. (1) . Region inclosed between straight lines from extremities of rectangle comprises apparent normal range of A-V difference for indicated rates of oxygen consumption induced by exercise. monia, an increase in the A-V difference accounted for the major part of the increase in oxygen consumption on exercise.. In general, during mild exercise in these subjects the A-V oxygen difference was defended against rising to large values by an increase in the cardiac output. In this group, the A-V difference did not exceed 6 vol. per cent except in Case 8, where it reached the value of 6.8 vol. per cent at a relatively low rate of oxygen consumption.
In Figure 2 , the mean pulmonary arterial pressures in the normal group are plotted against cardiac index, the values for rest and exercise in each subject being connected by a straight line.
Although the cardiac index extended over a range of 2.6 to 9.7 in different subjects, the mean pulmonary pressures remained within 8 to 15 mm. Hg. the limits of Congestive failure Eight patients were studied who had congestive heart failure on the basis of either systemic hypertension or syphilitic aortic insufficiency. The degree of failure was, or had recently been, so severe as to compel complete bed rest. Patients Nos. 9 to 13 had hypertension, complicated Figure 6 demonstrates the relation between cardiac index and pulmonary arterial pressure in 4 of these patients. In No. 17 only the ventricular pressure is available. It was not possible to pass the catheter beyond the atrium in Nos. 22 and 23.
In all cases the right ventricular and pulmonary arterial pressures were elevated at rest and became still more elevated on exercise. Patients Nos. 18 and 19 showed very striking increases in pressure with only small increases of cardiac index, thus resembling the behavior of the group with left ventricular failure.
Pulmonary emphysema
Five patients (Cases 24 to 28) were studied who had well advanced pulmonary emphysema. The diagnosis was made by physical examination and X-ray findings. In addition, Cases 24 and 28 had systemic hypertension, but no evidence of cardiac enlargement. Figure 7 indicates the relationship between oxygen consumption and A-V difference for the rates of oxygen consumption encountered.
The relationship between mean pulmonary pressure and cardiac index is summarized in Figure 8 . With a single exception, the resting pressures exceeded the normal, and on exercise there was a substantial further increase in pressure, well exceeding the normal range in each case. In all cases but No. 28, this increase in pressure was associated with an increase in the rate of blood flow through the lungs. The behavior of No. 28 resembles that of a person with congestive heart failure, but the changes in oxygen consumption and A-V difference during exercise were too small to allow definite conclusions.
DISCUSSION
Response of cardiac output to exercise With exercise there is increased demand of the tissues for oxygen. This demand is met by increasing the amount of oxygen uptake in the lungs either through an increase in cardiac output or through an increase in arteriovenous oxygen difference so that more oxygen is removed by each unit of blood passing through the lungs. During light exercise, normal subjects may use both mechanisms to some extent but the rise in cardiac output predominates and the change in A-V oxygen difference is minimized. In persons with an inadequate heart the expected rise in cardiac output cannot occur and the A-V difference is greatly increased. All investigators have found that the resting cardiac output is usually decreased in patients with intractable congestive failure. There is some overlap in the values for normal resting subjects and persons with congestive heart failure. This would be expected because the cardiac output is measured under conditions in which the requirements for blood are at a minimum. It would be expected that the difference in cardiac output between normal persons and those with heart failure would be more pronounced if the values for cardiac output in both groups were compared during light exercise. The values for resting cardiac output in normal subjects and in the persons with chronic congestive heart failure reported here do overlap, but the difference between the 2 groups is increased by exercise.
In normal persons during light exercise, there is considerable variation in the cardiac output from one subject to the next. In order to compare the normal response to exercise with the failure the cardiac output rose slightly above the resting level in 4 cases, remained unchanged in 1, and fell slightly in 4 cases. In all these cases, the venous blood samples used in determination of the output were taken from the pulmonary artery, where mixing should have been complete. At first sight it seems paradoxical that there should be a fall in cardiac output during the stimulus of exercise. The determination of output, however, was begun only after exercise had been continued for several minutes. It appears probable that the values obtained for-output during exercise in the patients with frank failure do not represent a state of equilibrium. It is suggested that the output during steady exercise may rise at first, but then decline even below the resting value as the myocardial reserve is exhausted by the initial sprint.
The significance of the low resting cardiac output which occurs in most types of congestive failure is greatly increased by the finding that this is apparently the largest output which the heart can long maintain. Under these circumstances, requirements for extra blood flow to a particular system, such as the muscular structure, can only be met by diverting blood flow from regions in which essential metabolic functions are being conducted. This diversion must result in postponement of many such functions without the possibility of a compensatory increase in blood flow when the extra requirement has passed. It was found by Meakins and Long (3) that following a standard work period the recovery time of cardiac patients, in terms of increased oxygen consumption was greater than that of normal subjects. From this and from the finding of a high blood lactic acid level in congestive failure, they concluded that a decompensated cardiac patient may be in a state of chronic oxygen debt. The present results confirm this conclusion. The presence of a metabolic need to which the heart is not adequately responding is indicated by the frequent finding of an abnormally large A-V difference at rest in patients with the ordinary types of congestive heart failure.
In summary, the resting cardiac output in frank congestive failure is the greatest that can be consistently maintained but still may not be great enough to supply the tissues with blood at a rate normally commensurate with their metabolic needs. Any important requirement for additional blood flow cannot be met by increasing the cardiac output but only by diverting blood from one system to another.
Of the patients with mitral stenosis (Figure 5 ), the A-V difference exceeded the normal range during exercise in 4 instances, indicating a subnormal cardiac response for the amount of work done. Three of these patients (Nos. 21, 22 and 23) had had at least 1 episode of frank congestive failure. The remaining patient (No. 19) had dyspnea on exertion. Of the 3 patients who remained within the normal range, none had ever been frankly decompensated, although No. 18 and No. 20 had dyspnea on exertion. No. 17 had been asymptomatic.
In the group of patients with pulmonary emphysema (Figure 7) , the A-V difference remained within the normal range for the rates of oxygen consumption achieved, indicating that the cardiac response was adequate for the requirement. In patients with pulmonary emphysema the problem frequently arises as to whether there is co-existent heart failure. In such cases the pres- The pulmonary arterial pressure The mean pressure in the pulmonary artery depends upon several factors. It is the sum of the left atrial pressure and the pressure gradient between artery and atrium. The gradient, by Poiseuille's law, is directly proportional to the cardiac output and inversely proportional to the "peripheral resistance," a factor which depends primarily upon the number and caliber of small vessels in the pulmonary bed. Finally, in measurement, the mean pulmonary arterial pressure is affected by the mean intrathoracic pressure. The cardiac output was determined in the present study but the relative effects on pulmonary arterial pressure of the left atrial pressure, the condition of the vascular bed (peripheral resistance), and the intrathoracic pressure must be inferred from other evidence.
In normal man, when the cardiac output is increased by exercise up to twice the resting level there is no change, or a small increase in mean pulmonary arterial pressure. As a rule, however, the proportional increase of output is much greater than that of pressure. Accordingly, there must be a compensatory decrease in resistance of the vascular bed, the left atrial pressure, or the mean intrathoracic pressure. Because the absolute value of the pulmonary pressure is quite low, it is difficult to determine the relative importance of these factors. Hamilton (4) has found that the pulmonary bed of the dog can accommodate a large increase in blood flow without a proportional rise in pressure gradient, indicating a decrease in the resistance. In man, Cournand (5) has found that the right ventricular pressure is not significantly increased after pneumonectomy. These observations suggest that the ability of normal man to increase the rate of pulmonary blood flow without a corresponding rise in arterial pressure results from the possibility of opening new vascular channels or of widening those already open.
In the patients with congestive failure, the pulmonary arterial pressure was, on the whole, markedly elevated at rest and showed a striking further increase during exercise. The cardiac output, on the other hand, was low at rest and was not much altered during exercise. In the presence of a low, relatively fixed cardiac output, the high pulmonary pressure and its further elevation on exercise must be referred to a large increase of left atrial pressure, pulmonary resistance, or both. In general, the pressure elevations are of such magnitude as to exclude increases of mean intrathoracic pressure as a significant factor. Certain observations suggest that elevation of the left atrial pressure, or left ventricular diastolic pressure, is responsible in part for the pulmonary hypertension which occurs in congestive heart failure. In persons who die with congestive failure, the pulmonary capillaries are dilated with blood and many more are visible than in the normal lung. This finding demonstrates a low resistance of the capillary bed itself and at the same time suggests a high intracapillary pressure. The experiments of Hamilton (4) In the group of patients with mitral stenosis it was anticipated that an increase in the rate of blood flow through the lungs would be attended by a greater than normal increase in pulmonary pressure because of obstruction to outflow from the left atrium. In the 4 cases where it was possible to catheterize the pulmonary artery, the pressures were, in fact, elevated at rest and rose still further when the output was increased by exercise. In 2 of these cases (Nos. 20 and 21) the resting pressures were not greatly elevated, and the increase in blood flow on exercise was proportionately greater than the increase in pressure. The remaining 2 patients (Nos. 18 and 19) demonstrated increases in pulmonary pressure during exercise which were, proportionately, 100 per cent and 50 per cent greater than the respective increases in cardiac output. These pressure changes were of large absolute magnitude. The finding of a pressure rise so disproportionate to the increase in blood flow indicates that some factor in addition to a small, fixed mitral orifice or pulmonary arteriosclerosis must have been operating to produce the pressure increment on exercise. If the resistance of the pulmonary bed and the left ventricular diastolic pressure had remained unchanged, then the rate of flow through the mitral orifice should have been roughly proportional to the mean pulmonary arterial pressure. The large rise in pulmonary pressure without a corresponding increase in cardiac output resembles the behavior of the group with left ventricular failure. The mechanism by which left ventricular failure might occur in mitral stenosis is not immediately apparent. There was no evident cause for cardiac disease other than mitral deformity in these 2 patients, and in neither of them could an apical systolic murmur be heard.
In pulmonary emphysema the existence of pulmonary hypertension has been postulated from the histological picture on the basis that the vascular bed becomes greatly narrowed as the result of destruction of small vascular channels. This narrow bed would then require a higher than normal pressure gradient to maintain a normal rate of flow. Further increments in flow would require greater than normal increments in pressure since the capacity for widening the vascular bed has been largely exhausted. The present results appear to be in accord with this concept. The mean arterial or ventricular systolic pressures were higher than normal at rest except in 1 case. On exercise there was a further rise in pressure which in 4 cases was sharper than normal in proportion to the rise in cardiac output. In the remaining case (No. 28) the pressure rose, while the cardiac output showed a very slight fall. This sequence of events resembles that in congestive heart failure, where the increase in pulmonary arterial pressure on exercise is believed to result largely from a pressure rise in the left atrium. Although patient No. 28 had no signs of congestive failure, she was an elderly woman with a long history of systemic hypertension. It is considered likely that the atypical behavior in this case was the result of an increase in left atrial pressure on exercise. In general, it appears unlikely that large rises in left atrial pressure or in mean intrathoracic pressure could account for the high resting pulmonary arterial pressures in emphysema or for the sharp increase in pulmonary pressure on exercise. The rarity of pulmonary edema during life or of pulmonary vascular congestion at autopsy in these patients argues against the frequent occurrence of a high left atrial pressure. Large changes in the mean intrathoracic pressure should be reflected to some extent in the right atrial pressure. The right atrial pressure (Table I) was not elevated in most of these patients at rest. During exercise it rose, but the rise, except for 1 case, was substantially less than that of the mean pulmonary arterial pressure. For example, in a separate experiment on patient No. 24, it was found that the average right ventricular diastolic pressure increased by 4 mm. Hg while the ventricular systolic pressure increased by 12 mm. Hg on passing from rest to exercise. In summary, the available evidence indicates that pulmonary hypertension in emphysema results from narrowing of the vascular bed so that a high pressure gradient is required to force blood through the lung at a normal rate. It should be noted that a normal resting pulmonary arterial pressure in a patient with emphysema does not establish normal function of the pulmonary vascular bed. As illustrated by patient No. 25, pulmonary hypertension may appear only when the rate of blood flow is increased.
